The detection of perfluorinated organic compounds in the environment has generated interest in their biological fate. 8-2 Fluorotelomer alcohol (8-2 FTOH, C 7 F 15 CF 2 CH 2 CH 2 OH), a raw material used in the manufacture of fluorotelomer-based products, has been identified in the environment and has been implicated as a potential source for perfluorooctanoic acid (PFOA) in the environment. In this study, the in vitro metabolism of [3-
Fluorotelomer alcohols (F(CF 2 ) x C 2 H 4 OH, x ¼ 6, 8, or 10, FTOHs) are a raw material used in the manufacture of fluorotelomer-based products which are used in a variety of applications including paints and coatings, paper, and textiles because of their unique surface properties (Kissa, 2001 ). 8-2 fluorotelomer alcohol (8-2 FTOH, x ¼ 8, 1H,1H,2H,2H-perfluorodecanol, CASRN 678-39-7) is the FTOH manufactured in the largest volume globally (Telomer Research Program, 2002) . FTOHs have been shown to undergo abiotic and biotic degradation to form small amounts of perfluorocarboxylates (PFCAs) including perfluorooctanoic acid (PFOA) under environmental degradation conditions (Ellis et al., 2004; Wang et al., 2005a,b) . PFCAs are persistent and have been detected broadly in the environment and humans (Calafat et al., 2006; Houde et al., 2006) . The global historic contribution of fluorotelomers to PFCAs emissions in the environment has been estimated to be small, approximately 1% (Prevedouros et al., 2006) . However, whether FTOH exposure and metabolism may contribute to quantifiable PFCAs in living systems has not been determined.
PFOA has been identified as a minor metabolite following oral administration of 8-2 FTOH to rats and mice (Fasano et al., 2006; Kudo et al., 2005; Martin et al., 2005) . Martin et al. (2005) also reported that quantifiable PFCAs from rat hepatocyte incubations comprised only a small amount of the total oxidation products from 8-2 FTOH, with PFOA representing about 1.4% of the total dose. However, Kudo et al. (2005) proposed that the metabolic generation of PFOA and perfluorononanoic acid (PFNA) from dietary administration of 8-2 FTOH was associated with peroxisome proliferation observed in the livers of exposed mice, indicating the possibility that an amount of perfluorinated acids sufficient to produce biological consequences may be generated from 8-2 FTOH, at least in mice.
Initial 8-2 FTOH metabolic pathways in rats, including those leading to the production of PFOA, have been described (Fasano et al., 2006; Martin et al., 2005) . The pathways were identified based on in vitro studies using rat hepatocytes (Fasano et al., 2006; Martin et al., 2005) and from in vivo rat studies (Fasano et al., 2006) . A microbial metabolic pathway for 8-2 FTOH has also been proposed (Wang et al., 2005b) . Currently, no metabolic pathways from in vitro or in vivo studies are available for 8-2 FTOH metabolism in mice, humans, or trout.
The 90-day subchronic, reproductive, and developmental toxicity of a commercial FTOH mixture dosed orally in rats has been reported (G. Ladics et al., 2005; E. Mylchreest et al., 2005) . No functional reproductive or developmental effects were observed that did not adversely affect adult animals. The no-observed adverse effect level (NOAEL) was 25 mg/kg/day for subchronic toxicity and reproductive parameters and 200 mg/kg/day for developmental parameters. The NOAEL for developmental toxicity of 8-2 FTOH in rats was 200 mg/kg/ day (Mylchreest et al., 2005) . In the 90-day study of 8-2 FTOH in rats, liver and kidney effects were identified at ! 25 mg/kg/ day, with liver lesions more pronounced in male rats while the observed kidney toxicity was more marked in female rats (DuPont-9478, Gregory S. Ladics and Eve Mylcreest) .
A comprehensive description of the metabolic transformations and products in multiple species may advance the understanding of these results, help qualify the metabolite toxicities, serve as a basis for defining an animal model suitable for comparison to humans, and aid in assessing the potential for FTOH exposure to contribute to perfluorinated acids in living systems by metabolism. The objective of the current investigation was to study the in vitro pharmacokinetics of 8-2 FTOH in multiple species to determine the similarities and differences in biological disposition and metabolism rates and to more fully develop and refine 8-2 FTOH metabolic pathways. To accomplish these objectives, rat, mouse, human, and trout hepatocytes, and rat, mouse, and human microsomes and cytosols were incubated with [3- 14 C] 8-2 FTOH, and individual perfluorinated acids known to be present in the 8-2 FTOH metabolic pathway: 8-2 fluorotelomer acid (8-2 FTA), 8-2 fluorotelomer unsaturated acid (8-2 FTUA), 7-3 acid, 7-3 a-b unsaturated acid (7-3 UA), as well as 7-2 secondary fluorotelomer alcohol (7-2 sFTOH). In this study, metabolites were identified using liquid chromatography/mass spectrometry (LC/MS), gas chromatography/mass spectrometry (GC/ MS), and liquid chromatography/accurate radioisotope counting (LC/ARC) methodologies. The availability of 14 C radiolabeled 8-2 FTOH allowed the quantification of some of the metabolites that lacked standards and aided in the calculation of the material balance from the test incubations. For convenience, a formal listing of the chemical substances and conjugates identified by this in vitro study and their abbreviations is provided in the supplementary data section (Supplementary Table 7) . The 2,4-dinitrophenylhydrazine (DNPH, purity 97%), bovine serum albumin (BSA), and Percoll were purchased from Sigma-Aldrich, and concentrated hydrochloric acid (36.5-38.5%) was purchased from J.T. Baker (Phillipsburg, NJ). Liver perfusion medium, liver digest medium, hepatocyte wash medium (HWM), fetal bovine serum (FBS), Liebovitz-15 (L-15) medium, and Dulbecco's modified eagle medium (DMEM) were obtained from Invitrogen (San Diego, CA). Male rat, mouse, and human liver microsomes were obtained from In Vitro Technologies (Baltimore, MD). Male rat, mouse, and human liver cytosol were obtained from XenoTech (Lenexa, KS). Human hepatocytes were obtained from CellzDirect (Research Triangle Park, NC). The first hepatocyte donor was a 68-year-old Caucasian male with no history of smoking or alcohol or drug abuse. The second donor was a 54-year-old Caucasian male with no history of smoking, alcohol, or drug abuse. The final donor was an 80-year-old Caucasian male with no history of alcohol or drug abuse, smoking history unknown.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (Crl:CD(SD)) and CD mice (Crl:CD1(ICR)) were obtained from Charles River Laboratories (Raleigh, NC). Upon arrival, all animals were housed in quarantine for at least 4 days. Animals were provided tap water ad libitum and fed PMI Nutrition International (Richmond, IN), LLC Certified Rodent LabDiet 5002 ad libitum. Animal rooms were maintained at a temperature of 18°C-26°C and a relative humidity of 30-70%. Animal rooms were artificially illuminated (fluorescent light) on a 12-h light/dark cycle. Rats and mice were 8-12 weeks of age at the time of hepatocyte isolation.
Male juvenile rainbow trout (Oncorhynchus mykiss), approximately 18 months old and approximately 10-12 in. in length, were purchased from Limestone Springs Fishing Preserve (Richland, PA). The fish were held for at least 1 week in continuous-flowing well water at a water temperature of approximately 10°C under a 16:8 light/dark cycle. The fish were fed with AquaMax Starter Fingerling 300 5D03 (PMI Nutrition International) once daily. The fish were fasted for 24 h prior to surgical manipulation of the liver.
Hepatocyte isolation. Rat and mouse hepatocytes were prepared by twostage collagenase perfusion using the method of Seglen (1976) , and trout hepatocytes were isolated using a 2-step collagenase perfusion method (Klaunig et al., 1985) , each with some modifications. Briefly, rats and mice were anesthetized with 80 mg/kg sodium pentobarbital, and trout were anesthetized with 0.15 g/l tricaine methane sulphonate (MS222). Livers were perfused with buffer containing ethylenediaminetetraacetic acid (EDTA) for approximately 10 min at flow rates of 5 ml/min for mice or 10 ml/min for rats and trout. This was followed by an approximate 10-min perfusion with buffer containing collagenase. Perfusion media were maintained at 37°C for mice and rats and at 10°C for trout. At the conclusion of the perfusion, livers were transferred to weigh boats containing either L-15 with 5% FBS for mice and rats or DMEM with 5% BSA for trout and the liver capsule was opened and shaken gently to release the cells. Cells were filtered through 100-lm nylon mesh, washed twice with HWM (mice and rats) or DMEM with 5% BSA (trout), and then purified by centrifugation through 40% Percoll at 4°C. The resulting pellet was washed twice and resuspended in L-15 medium and 334 NABB ET AL. maintained on ice. Human hepatocytes were purified by centrifugation through Percoll prior to shipment by the vendor. Upon receipt, human hepatocytes were washed twice with L-15 medium, diluted to a concentration of 5 3 10 6 cells/ml, and maintained on ice until used. Cell viability and yield were determined by trypan blue exclusion. In all cases, hepatocyte viability was > 85%.
Microsome, cytosol, and hepatocyte incubations. Microsome and cytosol incubations with a NADPH-regenerating system consisting of 100mM sodium phosphate buffer, 10mM glucose-6-phosphate, 0.1mM EDTA, 15mM magnesium chloride, 0.53mM NADP, and 2 units of glucose-6-phosphate dehydrogenase were carried out in 40 ml glass vials containing 5 ml of suspension. Initial experiments were performed using 0.5, 1.0, and 2.0 mg of protein with varying 8-2 FTOH concentrations of 5, 20, or 100lM. These test conditions were used to determine optimal protein concentration and substrate concentrations. Based on these experiments, final microsome test incubations contained 1 mg/ml microsomal protein while cytosol incubations contained 2 mg/ml cytosolic protein. Hepatocyte incubations were carried out in 40 ml glass vials containing 6 ml (trout), 5 ml (rat and mouse), or 3 ml (human) of hepatocyte suspension. Initial experiments were performed at cell concentrations of 1 3 10 6 and 5 3 10 6 cells/ml with varying 8-2 FTOH concentrations of 5, 20, or 100lM. Final test reactions were performed using 5 3 10 6 cells/ml. Microsome, cytosol, and hepatocyte suspensions were preincubated for 5 min at 37°C (rat, mice, human) or 10°C (trout) with gentle orbital shaking. All reactions were initiated by the addition of [ 14 C] 8-2 FTOH or the acid substrates (8-2 FTA, 8-2 FTUA, 7-3 acid, and 7-3 UA) using a pipette. The substrate concentrations were 20lM for [ 14 C] 8-2 FTOH and the acid metabolites (determined to be below metabolic saturation). All dose solutions were prepared in acetonitrile. The amount of organic solvent introduced into the incubation solution did not exceed 0.5% of the total reaction volume. Acetonitrile was chosen as the organic solvent based on data from Easterbrook et al. (2001) which reported using acetonitrile as a substrate at concentrations of 0.1-2% with no apparent effects on multiple activities studied in human hepatocytes. After the addition of test compound, the incubation vials were immediately sealed with threaded poly(tetrafluoroethylene)-lined septum caps and incubated for 2 (rat, mice, and human) or 3 hours (trout). While incubating, the headspace of each reaction vial was purged at 10-min intervals by inserting a 60-ml syringe that was fixed to a small cartridge containing C18 packing material through the septum cap, a separate needle was inserted through the septum cap for an air inlet, and 50 ml of air was pulled through the cartridge column. One cartridge column was used for each reaction. Optimization of the test system was challenging; see supplementary data for a comprehensive description of the process to determine the rationale for using a purged system. Additional hepatocyte reactions were tested using 220lM 8-2 FTOH for structure elucidation. Heat-inactivated hepatocytes or microsome and cytosol incubations with no NADP were used as negative controls. Microsome, cytosol, and hepatocyte incubations using 8-2 FTOH as the substrate were run in triplicate, except for human hepatocyte incubations that were run in duplicate from 3 separate donors. To further elucidate the steps in the metabolic pathway, microsome, cytosol, and hepatocyte incubations (except human) using 8-2 FTA, 8-2 FTUA, 7-3 acid, and 7-3 UA as the substrate were run in duplicate, while only a single human hepatocyte incubation was tested.
Sample preparation. Aliquots taken from the incubation samples were quenched by pipetting 0.25 ml of sample and 0.50 ml of acetonitrile-containing internal standard into 1.7-ml disposable polypropylene centrifuge tubes at 0, 10, 20, 30, 60, and 120 min (an additional 180-min time point was included for trout). The internal standard was prepared in acetonitrile with 0.225% acetic acid and contained 13 C-PFOA (3.75 ppb) and D8-2 FTOH (450 ppb). The tubes were capped and vortexed for 10 min. After vortexing, the samples were centrifuged at 15,000 3 g for 10 min at 10°C. The supernatant was then transferred into a high-performance liquid chromatography (HPLC) vial and frozen at À 20°C until analyzed. The remaining pellet was reconstituted in 150 ll of distilled, deionized water, and the entire sample was counted by liquid scintillation counting (LSC). At the end of each experiment, the C18 cartridges were eluted with 3 ml of acetonitrile and a portion (1.5 ml) of the eluate was counted by LSC. Prior to LC/MS/MS or LC/ARC analysis, the samples were thawed, vortexed, and analyzed directly or diluted using acetonitrile-containing internal standard. Prior to LC/MS analysis for aldehydes, an aliquot of the extract was derivatized with DNPH. The calibration standards, fortification samples, and samples were derivatized with DNPH by mixing 1 part sample, 1 part DNPH solution, and 1 part acetonitrile. The DNPH derivatization solution consisted of 0.3% (w/v) of DNPH, 51% (vol/vol) nanopure water, 29% (vol/vol) concentrated hydrochloric acid, and 20% (vol/vol) acetonitrile. After DNPH derivatization, the samples were vortexed before LC/MS analysis.
LC/MS/MS quantitative analysis. LC/MS/MS was used to quantify the metabolites for which standards were available. Sample extracts were analyzed by LC/MS/MS using an Applied Biosystems SCIEX API-4000 (Foster City, CA) interfaced to an Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA). The HPLC column used was an Agilent Zorbax 2.1 3 150 mm RX-C8 (5 lm). An in-line Agilent Zorbax SB-C18 2.1 3 150 (5 lm) was placed between the pump and the autosampler to minimize background levels of perfluorocarboxylic acids present in the instrument components. The data were processed using the Applied Biosystems Analyst software version 1.4.1. The gradient HPLC method used HPLC grade water (A) and acetonitrile (B) each containing 0.15% acetic acid as mobile phases with a gradient of 10% B for 1.0 min then to 50% B at 1.1 min held until 2 min then to 95% B at 7.5 min, held until 10.0 min, then to 10% B at 10.1 min, and held until 13.5 min with flow rate of 0.4 ml/min. The MS system was operated in the negative ionization mode with a Turbo Spray source and capillary voltage of À 4500 V and a source temperature of 100°C.
The molecular reaction monitoring ( . The 13 C-PFOA was used as an internal standard for both the perfluorocarboxylic acids and fluorotelomer acids classes of compounds. The D8-2 FTOH was used as an internal standard for the FTOHs. The limit of quantitation is generally limited to the low calibration standard concentration multiplied by the initial sample dilution factor of 33. However, some sample results were quantified just below the low-level calibration standard whenever the analyte peak area was above the low calibration standard peak area, and the internal standard ratio was within 80% of the low-level calibration standard peak ratio (Table 1) C-labeled metabolites utilized a Zorbax SB-C18, 4.6 3 150 mm, 5 lm particle size column (Agilent Technologies). The mobile phase was 10mM ammonium acetate in water (A) and methanol (B) with a gradient starting at 5% B for 2 min, then to 100% B at 115 min, and held at 100% B until 135 min at a flow rate of 1.0 ml/min. The injection volume was 100 ll, the fraction size for stop flow counting was 10 s, and the fraction counting time was 60 s. Chromatograms were integrated using LC/ARC software, and the metabolite structures were assigned to the integrated peaks based on the
analysis of the collected fractions and confirmation using mass spectrometric methods. From the total radioactivity injected, and the integrated peak areas, expressed in disintegrations per minute (DPM), the percentage of each peak represented of the on-column injection was determined.
Metabolites resolved by LC/ARC were fraction collected and analyzed by HPLC coupled to a linear ion trap mass spectrometer. The metabolites present in the collected fractions were identified by confirming the presence of 14 C-labeled molecular ions and corresponding precursor ion spectra compared with those obtained for previously identified metabolites (Fasano et al., 2006) . In addition, the acetonitrile extracts were injected directly onto the LC/MS/MS system and screened for any potential new metabolites. The LC/MS/MS system was composed of a Q-Trap 4000 mass spectrometer (Applied Biosystems), an 1100 HPLC system (Agilent Technologies), and a CTC PAL autosampler (Leap Technologies, Carrboro, NC). Chromatographic separation was achieved using a Zorbax SB-C18, 2.1 3 30 mm, 3.5 lm particle size (Agilent Technologies) column, and a mobile phase composed of 2mM ammonium acetate in water (A) and methanol (B) with a gradient starting at 40% B for 1 min, then to 100% B at 6 min, and held at 100% B until 10 min at a flow rate of 0.3 ml/min. The MS system was operated in the negative ionization mode with a Turbo Spray source; capillary voltage was À 4500 V and the source temperature 450°C.
Structural confirmation of aldehyde and ketone metabolites. Although 6-2 FTAL and 8-2 FTAL standards were available, their purity was unknown and thus used for metabolite identification only. To qualitatively determine if an aldehyde or ketone was present in each of the incubation types/species, area counts from live incubations were compared to negative controls. DNPHderivatized samples were analyzed by LC/MS using an Agilent 1100 HPLC interfaced to a Waters Micromass Quattro Micro (Waters Corporation, Milford, MA). The mass spectrometer was operated in electrospray negative ionization selected ion recording mode. The capillary voltage was 3.0 kV, source temperature 120°C, and cone voltage 15 V. The HPLC was equipped with an Agilent Zorbax 2.1 3 150 mm RX-C8 with 5-lm-particle size analytical column. The areas were processed using MassLynx version 4.0. The gradient HPLC method used nanopure water with 0.15% acetic acid and acetonitrile mobile phases with a gradient starting at 70% B for 1.5 min then to 100% B at 8.0 min, held until 13 min, then to 70% B at 13.1 min, and held until 19.0 min with a flow rate of 0.4 ml/min. Kinetic data analysis. Noncompartmental kinetic analysis was carried out using WinNonlin version 4.0 (Pharsight, Mountain View, CA) based on the following calculations. The concentration data were plotted versus time and a line of the form
was fit to the data, where C is the concentration (nmol/ml) at time t (min) and k is the elimination rate constant (/min). The half-life (t 1/2 ) was determined by dividing the natural logarithm of 2 by k (Obach, 1997). The concentration curve was then integrated from zero to infinity by using the equation
where AUC last is the area under the curve from time zero to the last data point collected and C last is the concentration of the last data point collected.
Clearance was then calculated using the relationship
where D is the dose amount (nmol) of compound added to the reaction. Hepatocyte intrinsic clearance values (CL H ) were calculated by dividing the model-independent clearance (CL z ) by the number of cells in the reaction mixture:
CL H values were then scaled to estimate whole animal intrinsic clearance (CL I ) assuming a liver weight equivalent to 5% of body weight (50 g/kg) and a hepatocellularity of 1.28 3 10 8 cells/g liver for rodents (Seglen, 1976) . The corresponding values for humans were a liver weight equivalent to 2.5% of body weight (25 g/kg) and a hepatocellularity of 1.37 3 10 8 cells/g liver (Arias et al., 1982) . Corresponding values for trout were a liver weight equivalent to 1.27% of body weight (12.7 g/kg) (Nichols et al., 1990 ) and a hepatocellularity of 2.0 3 10 8 cells/g liver (Law et al., 1991) . Equation 2 illustrates the calculation for rodents. 
Similar equations were used to calculate microsomal intrinsic clearance using the amount of protein (milligrams) in the incubation system, giving CL I in units of ml/min/mg protein. The values for liver were 35, 49, and 58 mg microsomal protein/gram of tissue for mouse (Csanády et al., 1992; Medinsky et al., 1994) , rats (Baarnhielm et al., 1984; Boogaard et al., 2000; Chiba et al., 1990; Csanády et al., 1992; Joly et al., 1975) , and humans (Baarnhielm et al., 1986; Boogaard et al., 2000; Csanády et al., 1992; Lipscomb et al., 2003a,b) , respectively. Multiplying this value by the grams of liver weight per kilograms of body weight and milligrams of protein per gram of liver converted the CL I in units to ml/min/kg. The rate of PFOA production was calculated using the amount of PFOA (ng/ml) detected in each reaction over time (0-2 h for rats, mice, and humans, 0-3 h for trout). No metabolism was observed from incubations with cytosol from any species tested. See supplemental information for concentration data of 8-2 FTOH used in the clearance calculations listed above.
RESULTS

[3-
14 C] 8-2 FTOH: Material Balance
Aliquots of the sample extract, pellet, and cartridge elution (reaction headspace) were subjected to LSC to determine recovery of radioactivity (material balance) for each incubation. In incubations where greater amounts of metabolites were detected, the pellet sample had higher concentrations of radioactivity suggesting that the radioactivity bound to the pellet was most likely from a metabolite and not the parent when compared to negative controls (Table 2) . In all the negative control incubations, the amount of radioactivity in the headspace was greater than the amount generated from the live incubations. The presence of [ 14 C] 8-2 FTOH in the headspace of the control incubations confirmed that it was volatile under the test conditions. The headspace cartridge elutions were analyzed by LC/MS and found to contain primarily [ 14 C] 8-2 FTOH. The percentage of radioactivity from the headspace air of hepatocyte incubations was greater in the heat-inactivated samples (22-63%) than in the live reactions (4-28%), confirming uptake and metabolism in the liquid phase of the parent telomer alcohol in the live reactions. In rat and mouse microsomal incubations, headspace air radioactivity was also found to be greater in the control incubations (39-80%) than in the live incubations (11-39%), but headspace air from the human live and control incubations had similar amounts of radioactivity (75 and 77%, respectively), confirming that there was very little metabolism of [ 14 C] 8-2 FTOH. The material balance from the 3 fractions in each of the incubation systems ranged from 73.8 to 103% (Table 2) . Cytosol incubations did not show metabolism of 8-2 FTOH from any of the species tested as evidenced by similar amounts of radioactivity in both live and negative control samples (20-27%; data not shown).
Metabolism of [ 14 C] 8-2 FTOH
The 8-2 FTOH terminal half-life (T 1/2 ), as determined from the hepatocyte and microsome incubations, was measurable in all species tested (Table 3) . Rodents eliminated 8-2 FTOH (T 1/2 ¼ 9.9-12.9 min) about 3 times faster than humans (T 1/ 2 ¼ 35.9 min) and about nine times faster than trout (T 1/2 ¼ 103 min), which exhibited the slowest elimination half-life of the species studied.
Intrinsic clearance of 8-2 FTOH was more rapid in rodent hepatocytes (55.1-82.7 ml/min/kg) than in human (1.50 ml/min/kg) or trout hepatocytes (1.73 ml/min/kg). For rats, (Table 3) . Hepatocyte intrinsic clearance was determined by scaling the in vitro values up to the organ level using species-specific relative liver weight and hepatocellularity (Houston, 1994) . Clearance rates were adjusted to account for loss of parent compound due to volatility using the rate of loss in the negative control incubations. This adjustment was important to avoid overestimating the clearance rates particularly in human and trout incubation samples where the rate of loss of 8-2 FTOH was only slightly faster in live versus negative controls and only limited metabolism was observed.
Rate of Formation of PFOA
The relative amount of PFOA produced in hepatocyte incubations with [
14 C] 8-2 FTOH indicated mouse > rat > human ! trout. Rat and mouse hepatocytes produced 5-fold and 11.9-fold more PFOA than human hepatocytes, respectively (Table 4 ). The rate of formation of PFOA in hepatocytes was 0.143, 0.061, 0.012, and 0.007 pmol/min/10 6 cells in mouse, rat, human, and trout, respectively. The amount of PFOA produced from microsomal incubations indicated mouse > rat. Neither PFOA nor PFNA production was observed in human microsomal reactions. The rate of formation of PFOA in microsomes was 5.07 and 4.10 pmol/min/mg of protein in mouse and rat, respectively. PFOA production in mouse microsomal reactions were likely underestimated due to the unexpected presence of endogenous and cytosolic glutathione-S-transferase (GST) leading to a significant amount of the 8-2 uFTOH glutathione (8-2 uFTOH-GS) conjugate. To confirm the presence of GST and its effect on metabolism, an additional experiment was performed using mouse microsomes with the addition of 50lM glutathione (GSH), which significantly increased the amount of 8-2 uFTOH-GS conjugate. Due to the fact that conjugation is a preferred pathway for this compound, this would suggest that the amount of PFOA observed in the mouse incubations would be less than in incubations with no GST.
The percent of 8-2 FTOH metabolized to PFOA, based on the molar concentration detected at the end of the incubation periods, was extremely small, 0.47, 0.24, 0.02, and 0.02% for mouse, rat, human, and trout hepatocytes, respectively, and 0.59 and 1.94% for mouse and rat microsomes, respectively (Table 5 ). Neither PFOA nor PFNA was detected in human microsomes by the end of the 120-min incubation period (limit of detection (LOD) for PFOA and PFNA was 0.2 and 0.1 ng/ mL respectively). Mouse hepatocytes produced about 24-fold more PFOA compared to humans and trout hepatocytes, rat hepatocytes produced about 12-fold more PFOA than humans and trout hepatocytes, and mouse hepatocytes produced about 2-fold more PFOA than rats. Comparing the amount of metabolites produced in mammalian hepatocyte incubations at 30 min to those at 120 min demonstrates how some metabolites (8-2 FTA and 8-2 FTUA) were produced but were further metabolized, while several others are terminal metabolites under these test conditions (PFOA, PFNA, and PFHpA). This was not evident in trout incubations due to the slow rate of metabolism of 8-2 FTOH and the duration of the trout incubations (3 h). A higher abundance of metabolites may have been observed if the duration of the trout incubations was increased. Table 5 illustrates the formation of acid metabolites that could be quantified using standards. This study provides quantitative evidence that the production of acid metabolites from 8-2 FTOH in rat, mouse, trout, and human microsomes and hepatocytes is minimal. Table 5 does not include other metabolites present in the incubation samples for which standards were not available. These unquantifiable metabolites include the conjugates and aldehydes identified in this study and by others (Fasano et al., 2006; Martin et al., 2005) .
Distribution of Terminal Conjugates by LC/ARC Chromatography
LC/ARC analysis was used to quantitate metabolites for which no standards were available and to aid in the identification of unknown metabolites. A representative LC/ ARC radiochromatogram from rat hepatocytes after 2 h of incubation is presented in Figure 1 . A representative LC/ARC radiochromatogram from heat-inactivated rat hepatocytes is presented in Figure 2 . Several conjugated metabolites were identified and quantified using LC/ARC analysis including 8-2 FTOH glucuronide, 8-2 uFTOH-GS, and 8-2 FTUA-GS. Recovery of injected radioactivity from all samples ranged from 75 to 100%. When compared to the expected DPM based on dosed 14 C, the actual amount of radioactivity in the sample extract varied depending on the type of sample (live vs. negative controls) due to the volatile nature of the parent compound. Because of the lower than expected DPM in the extract samples from volatility loss, the relatively low substrate concentration (20lM), and broad indistinguishable peaks in the chromatogram, identifying unknown metabolites was difficult. Unfortunately, fraction collection of these unidentified radioactive peaks did not produce enough signal for identification when analyzed by LC/MS. This was also true for rat hepatocyte incubations at the higher substrate concentration (220lM). In human, trout, and rat hepatocyte incubations, the 8-2 FTOH glucuronide represented approximately 9.8, 7.1, and 1.3% of the total radioactivity (dose), respectively; 8-2 FTOH glucuronide was not detected in mouse hepatocytes. All species produced measurable amounts of 8-2 uFTOH-GS, with the highest levels in mouse hepatocytes (11.8%), comparable levels in rat (4.8%) and human hepatocytes (3.5%), and the lowest levels in trout hepatocytes (3.0%). Rats were the only species tested that yielded detectable levels of the 8-2 FTUA-GS (4.3%).
Detection of Novel Metabolites
Several metabolites not previously reported were identified in this study. These metabolites are 7-2 ketone, 7-3 b-keto acid, 7-3 aldehyde (7-3 AL), 7-3 a-b unsaturated aldehyde (7-3 UAL), and 7-3 acid taurine conjugate (7-3 TA) ( Supplementary  Fig. 6 ). 7-3 UAL was tentatively identified by Fasano et al. (2006) following oral dosing in rats in vivo. The aldehydes and ketones were detected as DNPH derivatives. Due to the fact that there were no authentic standards available for these novel metabolites, structure elucidation was performed using samples from this study and information gained from preliminary in vitro studies with rat hepatocytes and microsomes using nonlabeled 8-2 FTOH. Structure elucidation was performed using various mass spectrometric techniques. Details describing how these structures were determined are provided in the supplementary data.
DISCUSSION
Elaboration of 8-2 FTOH Metabolic Pathway
An 8-2 FTOH metabolic pathway is presented in Figure 3 which integrates this study with previous work (Fasano et al., 2006; Martin et al., 2005) . The in vitro experiments performed here, using [
14 C] 8-2 FTOH and the acid metabolites as substrates in the various species and systems (Table 6) , support this more detailed understanding of the metabolic pathway.
Consistent with previous studies (Fasano et al., 2006; Martin et al., 2005) , 8-2 FTOH was metabolized to the glucuronide and sulfate conjugates and also oxidized to 8-2 FTAL, which, by hydrogen fluoride (HF) elimination, yielded unsaturated 8-2 fluorotelomer aldehyde (8-2 FTUAL). 8-2 FTUAL formed the (Fasano et al., 2006; Martin et al., 2005) and has been confirmed by the current in vitro experiments. The vast majority of 14 C 8-2 FTOH metabolism in all species studied leads to 8-2 FTOH, FTAL, FTUAL, FTA, and FTUA conjugates with no further chemical transformation. Martin et al. (2005) hypothesized the b-oxidation of 8-2 FTUA to PFOA or PFHxA. The in vitro experiments conducted for this current work were designed to further clarify this pathway. Although Wang et al. (2005a) hypothesized that b-oxidation of 8-2 FTA and 8-2 FTUA to form PFOA could not occur based on current knowledge of the enzymology of this pathway, we found that PFOA and PFHpA were produced in hepatocyte incubations using 8-2 FTA and 8-2 FTUA as substrates. While not conclusive, a proposed boxidation-like process in the pathway is supported by results of the current investigations. 8-2 FTUAL and 8-2 FTUA are the principal substrates that proceed down 2 distinct yet chemically similar pathways, Pathway A and Pathway B (Fig. 3) . The in vitro experiments performed here add support to the proposed pathway of 8-2 FTA a-oxidation to PFNA, PFHpA, or PFPeA. When 8-2 FTA was used as the substrate in hepatocyte reactions, measurable concentrations of PFPeA were detected in rat hepatocytes, while measurable concentrations of PFHpA were detected in both the rat and the mouse hepatocyte reactions.
A new pathway is proposed based on the detection of the 7-2 ketone and 7-2 sFTOH from reactions with microsomes and hepatocytes following administration of 8-2 FTOH, 8-2 FTA, and 8-2 FTUA as substrates. This pathway would require the formation of 2 intermediates (identified in the pathway by brackets in Fig. 3 ) that were not detected in these experiments, but their characteristics can be proposed based on typical fatty acid oxidation to form 7-2 sFTOH which then forms the conjugate 7-2 sFTOH-GLU. The amount of 7-2 sFTOH produced in rodent hepatocyte incubations using 8-2 FTOH as the substrate was less than 1%. In rat hepatocyte incubations using 7-2 sFTOH as the substrate, PFOA was only 0.4% of dose while 7-2 sFTOH-GLU was the major metabolite. This would indicate that in incubations using 8-2 FTOH as the substrate, the 0.2-0.5% of PFOA formed in hepatocyte incubations (rat and mouse, respectively) was not produced from the 7-2 sFTOH but some other pathway. Fasano et al. (2006) proposed metabolic conversion of 7-3 UA to both PFOA and 7-3 acid. However, when incubated in hepatocytes, 7-3 UA proceeded exclusively to 7-3 acid and ultimately to conjugation with taurine. PFOA was not detected when 7-3 acid or 7-3 UA was used as substrates in hepatocyte preparations ( 7-3 UA was observed in hepatocytes by a rapid decrease in the substrate concentration over time when compared to heatinactivated hepatocytes in which substrate concentrations remained constant over the incubation period.
The conjugate, 7-3 acid taurine, is also proposed to be produced via a series of reactions from 8-2 FTUAL. 8-2 FTUAL conjugation with GSH forms 8-2 FTUAL-GS, which then proceeds by defluorination to 7-3 UAL and reduction to IN VITRO METABOLISM OF 8-2 FTOH 341 7-3 AL. Our results suggest that 7-3 AL was oxidized to 7-3 acid, likely mediated by aldehyde dehydrogenase, with final conjugation to taurine (7-3 TA). The metabolites 7-3 UAL and 7-3 AL have not been reported previously and were detected in either microsome or hepatocyte preparations when 8-2 FTOH was used as the substrate.
Finally, the formation of PFOA seems most likely by fluoride ion release from 8-2 FTUAL by hydrolysis to form the intermediate 7-3 b-hydroxy FTUAL. Fluoride ion release has been reported for a sulfuryl fluoride fumigant (Mendrala et al., 2005) , although how easily 8-2 FTUAL is hydrolyzed depends on the stability of the fluorine bond on the b-carbon. Further metabolism of 7-3 b-hydroxy aldehyde to 7-3 b-keto aldehyde and subsequent decarboxylation would lead to PFOA.
In Vitro Kinetics and Metabolism of 8-2 FTOH and Acid Metabolites 8-2 FTOH was found to be rapidly metabolized principally to conjugates by mice and rats and to a lesser extent humans and trout (Table 2 ). The rainbow trout (Oncorhynchus mykiss) was selected for these investigations because it has been used as a representative fish species to predict bioconcentration/ bioaccumulation potential of the perfluorinated carboxylic acids, including PFOA . The predicted in vivo intrinsic clearance values were equal to or below normal hepatic blood flows (approximately 90, 80, 17, and 9 ml/min/ kg body weight for mice, rats, humans, and trout, respectively) (Brown et al., 1997; Nichols et al., 1990) , indicating that blood flow-limited clearance would not be expected for 8-2 FTOH metabolism in vivo. Hepatocytes from all 4 species and microsomes from rats, mice, and humans were found to be capable of metabolizing 8-2 FTOH, while cytosols from rats, mice, and humans were not. These results indicate the importance of membrane-bound enzymes (microsomes) in the metabolism of 8-2 FTOH and certain downstream metabolites. Metabolism occurred in hepatocyte incubations when 8-2 FTA, 8-2 FTUA, 7-3 acid, and 7-3 UA were used as substrates. Metabolites identified for 8-2 FTA and 8-2 FTUA incubations included PFOA, PFHpA, 7-3 UA, 7-3 acid, 7-2 ketone, 7-2 sFTOH, and 7-3 TA. The 7-3 TA was identified in hepatocyte incubations where 7-3 acid and 7-3 UA were used as substrates. No PFCAs were formed from 7-3 acid or 7-3 UA, demonstrating that beta oxidation is not an active metabolic pathway. Incubation system was hepatocytes for rat (1), mouse (2), human (3), or trout (4) and microsomes for rat (5), mouse (6), or human (7).
b
Observed in incubation at 220uM dose (derivatized immediately for aldehyde analysis). In Vitro Metabolic Production of PFOA and PFNA PFOA and PFNA were produced during incubations with mouse, rat, human, and trout hepatocytes and with mouse and rat liver microsomes at starting concentrations of 20lM 8-2 FTOH (a concentration below metabolic saturation) incubated for 2 h. The percent of dose of PFOA in rat hepatocytes was very small (0.24%), using a starting concentration of 20lM 8-2 FTOH. This percentage was approximately sixfold lower than the 1.4% reported by Martin et al. (2005) using rat hepatocytes at a concentration of 18lM and 4 h of incubation. Our value for PFNA, 0.06% in rat hepatocytes was also lower than that reported by Martin et al. (2005) in which PFNA was < 0.2%. Our results and those reported by Martin et al. (2005) were qualitatively similar in that both experiments indicate that PFOA and PFNA were only minor metabolites in the total oxidation of 8-2 FTOH. Our attempts to duplicate previous experiments (Martin et al., 2005) conducted in an open flask incubated for 4 h at 37°C resulted in a decrease in the volume of hepatocyte suspension due to evaporation. The evaporation of the buffer from the hepatocyte suspension resulted in concentration of the metabolic products. The reduction or evaporative loss and the shorter incubation duration likely explain the difference between our results and those reported previously. The optimization of the test system described in the supplementary data also contains an explanation of the experimental differences between the current study and the study of Martin et al. (2005) (Supplementary Table 8) .
The rates of PFOA produced in vitro using hepatocytes from the four species were determined (Table 4) , and this facilitated comparisons (of relative rates) between the species on a ''per million cells'' basis. The relative rates for whole-body formation of PFOA from 8-2 FTOH can also be determined from these rates (using the cellularity data, total liver weights for a given body weight, etc.), and this provides an additional relevant species comparison. The in vitro rates provided in Table 2 were recalculated to 54.9, 23.4, and 2.47 nmol/h/kg body weight for mice (0.03 kg), rats (0.250 kg), and humans (70 kg), respectively, and represent a measure of whole-body capacity to produce PFOA from exposures to 8-2 FTOH (see supplementary data for calculations). These comparisons indicate that mice would produce about 22-fold more PFOA than humans and rats would produce about 9.5-fold more PFOA than humans. This suggests that a rodent model may be overly sensitive for predicting the toxicity of PFOA in humans. Similar results could be obtained for PFNA; however, due to the fact that only the final time point yielded enough quantifiable PFNA, kinetic rates could not be calculated for from these experiments. These whole-body capacities should prove useful in comparisons with future in vivo results.
Although the results of the current work have improved the understanding of 8-2 FTOH metabolism, additional work will be needed to resolve the pathway for formation of the shorter chain perfluorinated acids. Current ongoing in vivo investigations in our laboratory with 8-2 FTOH in rats should provide an important link to the in vitro results presented here and provide additional insights into the potential mechanisms of toxicity reported in the rat following subchronic oral dosing. When more quantitative in vivo metabolic results are available, the in vitro kinetics of 8-2 FTOH metabolism will prove valuable when extrapolation of kinetic rates between species are desired and routes of exposure are considered.
SUPPLEMENTARY DATA
Supplementary data, Tables 7-9, and Figures 4-9 are available online at http://toxsci.oxfordjournals.org/.
